Introduction
There is significant interest in the use of cyclometallated ruthenium (II) complexes as sensitizers in dye-sensitized solar cells (DSCs) [1, 2, 3, 4] . has been exploited for the optimization of cyclometallated iridium(III) dyes in ptype DSCs [ 6 ] . Structurally, sensitizers for DSCs are characterized by the anchoring group (commonly a carboxylic or phosphonic acid) which binds the dye to the semiconductor surface [7] and ancillary groups which optimize electron transfer across the dye. Moving the anchor from the N^N to the C^N ligand in a [Ru(N^N)2(C^N)] + cation converts the complex from being a sensitizer for an n-type to a p-type DSC [8] [9] [10] [11] [12] [13] . A related p-type DSC sensitizer containing an {Ru II (N^N^N)(C^N^N)} core in which the cyclometallated ligand bears an anchoring carboxylic acid has also been reported [14] . Scheme 1. Structures of the three dyes in this investigation.
Although cyclometallated ruthenium dyes (both for n-type and p-type DSCs) typically contain a carboxylic acid anchor [1, 3, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] we have focused on the use of a phosphonic acids, based on the superior performance with respect to carboxylic acid anchors in n-type copper-sensitized DSCs [19 ] . Our initial [12, 20] . This sensitizer outperforms the reference dye P1 [12, 21] (Scheme 2). The long-term stability of the DSC can be enhanced by changing the electrolyte solvent composition to a mixture of MeCN and EtCN (3 : 1 volume ratio), although at the expense of JSC and η [20] . The performances of DSCs with [Ru(bpy)2(H1)] are comparable to that of a DSC containing the more sophisticated dye shown in Scheme 3 (JSC = 3.43 mA cm -2 and η = 0.104%) which is currently one of the best-performing cyclometallated ruthenium(II) dyes in p-type DSCs [8] . 
DSCs
Working NiO electrodes were prepared in-house. An FTO glass plate (Solaronix TCO22-7, 2.2 mm thickness, sheet resistance =7 Ω square -1 ) was cleaned by sonicating in surfactant (2% in milliQ water), and rinsed with milliQ water and 
Electrochemical impedance spectroscopy (EIS).
EIS measurements were carried out on a ModuLab ® XM PhotoEchem photoelectrochemical measurement system from Solartron Analytical. The impedance was measured at the open-circuit voltage (VOC) of the cell at different light intensities (590 nm) in the frequency range 0.05 Hz to 400 kHz using an amplitude of 10 mV. The impedance data were analysed using ZView ® software from Scribner Associates Inc.
Results and discussion

Synthesis and characterization of [ n Bu4N][Ru(bpy)2(1)]
We have previously reported the synthesis and characterization of the (1) 
DSC fabrication and performances
Photocathodes were prepared by screen-printing two layers of NiO paste onto FTO-coated glass pretreated with [Ni(acac)2] [12] . After sintering (see Experimental section), the quality of the NiO surface was inspected using FIB measurements (Fig. 2) . The thickness of the semiconductor layer (Fig. 2) was consistent with optimal photocathodes previously reported in p-type DSCs [21, 23, 24, 25, 26] , and compatible with the limitations imposed by the diffusion length of a hole in the NiO [25] . For reference, electrodes with absorbed dye P1 (Scheme 2) were also prepared. However, since this is only achieved with a small decrease in photoconversion efficiency (η), we decided to include DSCs with both solvent systems in the present investigation.
The performance parameters for the DSCs are given in Table 1 for MeCN and in Table 2 for the mixed solvent electrolyte, and J-V curves are shown in Tables 1 and 2 , but also from a comparison of data in the present study with those in previous investigations [12, 20] . To assess the stability of the devices, their performances were remeasured 7 days after cell fabrication (Figs. S1 and S2 and Tables S1 and S2 ). The cells were stored in the dark under ambient conditions between measurements. For both electrolyte compositions, the DSCs sensitized with each cyclometallated ruthenium dye exhibited values of JSC, VOC, ff and η that changed little over time.
In contrast, DSCs with P1 showed a loss in performance arising from decreases in JSC from 2.28 to 1.60 mA cm -2 for cell 1 (MeCN) and from 2.18 to 1.54 mA cm -2 for cell 1 (MeCN/EtCN).
Electrochemical impedance spectroscopy
The internal processes and dynamics in a DSC can be thoroughly investigated by use of EIS [28, 29, 30] . and counter-electrode charge-transfer resistance (RPt) can be determined.
Although, in principle, a Nyquist plot consists of three semi-circles, deconvolution to two semi-circles is more frequently observed for p-type DSCs as a result of the relative magnitudes of the recombination impedance and the ion diffusion impedance. The equivalent circuit used to fit the EIS data in the present investigation is shown in Fig. 5 [31] . In this study, a resistance-constant phase element (R-CPE) circuit was employed, with this choice of circuit being made because of the surface irregularities of the NiO electrode [ 32 ] . To account for this, the pre-factor term Q of the CPE was corrected using eq. (1), in which α is an empirical constant [33] , to calculate the capacitance, Cµ [34] .
The equivalent electrical circuit used in this study is composed of a series Using EIS, we have previously clarified the differences in behaviour between the sensitizers P1 and [Ru(bpy)2(H1)] [20] . Here, we focus on the differences between the three cyclometallated dyes. EIS data for the better performing cell of each pair in Table 1 are summarized in Table 3 and Nyquist plots are presented in Fig. 6 . From Table 1 The EIS parameters were calculated using eq. 2-4 [35, 36, 37] .
where d is the thickness of the semiconductor in µm. The hole lifetime, τh, can be calculated using eq. (2). Table 3 shows that the best performing dye
[Ru(bpy)2(H1)] has the shortest hole lifetime and the shortest hole diffusion length, Ld. Together these parameters contribute to a good performing DSC. Since the hole lifetime is inversely related to the value of the maximum frequency fmax
, it follows that the trend in values of τh can also be seen in the Bode plot ( The diffusion length is calculated using eq. (3). For the DSC sensitized with [Ru(bpy)2(H2)] -, the high Rrec leads to a high Ld which is consistent with the low JSC of the DSC (Table 1) . The transport time is calculated from eq. (4) and the trends τt in Table 3 are consistent with the performances of the dyes (Table 1) . 
Conclusions
